The development of inhibitory control-the ability to suppress inappropriate actions in order to make goal-directed responses-is often impaired in autism spectrum disorders (ASD). In the present study, we examined whether the impairments in inhibitory control evident in ASD reflect-in part-differences in the development of the neural substrates of inhibitory control from adolescence into adulthood. We conducted a functional magnetic resonance imaging (fMRI) study on the anti-saccade task, a probe of inhibitory control, in high-functioning adolescents and adults with ASD compared to a matched group of typically developing (TD) individuals. The ASD group did not show the age-related improvements in behavioral performance from adolescence to adulthood evident in the typical group, consistent with previous behavioral work. The fMRI results indicated that much of the circuitry recruited by the ASD group was similar to the TD group. However, the ASD group demonstrated some unique patterns, including: (a) a failure to recruit the frontal eye field during response preparation in adolescence but comparable recruitment in adulthood; (b) greater recruitment of putamen in adolescence and precuneus in adolescence and adulthood than the TD group; and (c) decreased recruitment in the inferior parietal lobule relative to TD groups. Taken together, these results suggest that brain circuitry underlying inhibitory control develops differently from adolescence to adulthood in ASD. Specifically, there may be relative underdevelopment of brain processes underlying inhibitory control in ASD, which may lead to engagement of subcortical compensatory processes. Autism Res 2014, ••: ••-••.
Introduction
Autism spectrum disorders (ASD) are a class of neurodevelopmental disorders characterized in part by atypical brain development, which may lead to abnormalities in cognitive behaviors. In typical development, substantial improvements in inhibitory control of behavior and the brain systems that underlie it continue from adolescence into early adulthood [Luna, Garver, Urban, Lazar, & Sweeney, 2004; Velanova, Wheeler, & Luna, 2008 . Inhibitory control, defined as the ability to suppress automatic but inappropriate responses in favor of a goal-directed behavior [Bjorklund & Harnishfeger, 1995; Dempster, 1992] may be a likely candidate for cognitive differences in ASD, though the results are mixed, suggesting that deficits may be paradigm specific [Goldberg et al., 2005; Ozonoff & Strayer, 1997; Ozonoff, Strayer, McMahon, & Filloux, 1994; Schmitz et al., 2006] [ Agam, Joseph, Barton, & Manoach, 2010; Luna, Doll, Hegedus, Minshew, & Sweeney, 2007; Minshew, Luna, & Sweeney, 1999; Ozonoff & Strayer, 1997; Russell, 1997] or highlight the need to study the development of these processes [Luna et al., 2007; Solomon et al., 2014] . As adolescence is a time of significant change in brain and behavior [Spear, 2000] , the transition from adolescence to adulthood has become focus of investigation and represents a potential window of plasticity in the brain, which may be impacted in ASD.
On the inhibitory tasks shown to differ in ASD, studies have demonstrated that both children and adults with ASD have poorer performance than matched typical controls, suggesting that abnormalities may persist throughout development [Agam et al., 2010; Goldberg et al., 2002; Luna et al., 2007; Minshew et al., 1999; Mosconi et al., 2009; Solomon et al., 2014] . One index of inhibitory control, the anti-saccade(AS) task, is a well-established oculomotor paradigm that has previously been used to model the developmental trajectory of inhibitory control through adolescence into adulthood [Fischer, Biscaldi, & Gezeck, 1997; Fukushima, Hatta, & Fukushima, 2000; Klein & Foerster, 2001; Luna et al., 2001 Luna et al., , 2004 Munoz, Broughton, Goldring, & Armstrong, 1998; Velanova et al., 2008 Velanova et al., , 2009 ]. During the AS task, participants must suppress an automatic reaction to a peripheral stimulus and generate a planned oculomotor response in the opposite direction. Prior evidence has suggested that TD adults and adolescents engage a widely distributed set of brain regions during performance of the AS task, including cortical and subcortical regions such as the frontal, supplementary, and parietal eye fields (FEF, SEF, and PEF, respectively), basal ganglia, dorsolateral prefrontal cortex (DLPFC), and cerebellum [for review, see Munoz & Everling, 2004] . Our previous fMRI studies using the antisaccade task to examine normative development indicate significant developmental changes in brain function supporting anti-saccade performance and improved error processing. [Luna et al., 2001; Velanova et al., 2008 Velanova et al., , 2009 .
Robust inhibitory control deficits on the AS task have been documented in adults with ASD [Agam et al., 2010; Luna et al., 2007; Minshew et al., 1999; Mosconi et al., 2009; Thakkar et al., 2008] . Adults with ASD demonstrate worse performance, decreased recruitment of the anterior cingulate cortex (ACC) and the FEF following correct trials, and reduced functional connectivity between the ACC and premotor regions compared to typical adults [Agam et al., 2010; Thakkar et al., 2008] . This is consistent with other inhibitory control tasks that result in reduced activation and functional connectivity in ACC, PFC, and posterior parietal regions, in adults with ASD relative to typically developed individuals [Kana, Keller, Minshew, & Just, 2007; Schmitz et al., 2006; Solomon et al., 2009] . We previously examined the development of inhibitory control behavior in ASD using the AS task in a cross-sectional sample from childhood to adulthood. The results indicated that despite performing worse than typically developing individuals in both adolescence and adulthood, the group with ASD showed significant agerelated improvements similar to typically developing individuals [Luna et al., 2007] . That is, individuals with ASD show parallel improvements in inhibitory control through adolescence but do not catch up with typically developing peers. These behavioral findings suggest that similar brain maturation processes may be occurring in ASD from adolescence to adulthood, but to date, little is known about the development of the neural substrates of inhibitory control in ASD.
Identifying the neural substrates of the developmental delays, arrests, and abnormalities in ASD will provide insight into limitations in inhibitory control, and help to identify time points during which intervention will be particularly successful. Furthermore, assessing developmental changes into adulthood will identify cognitive deficits that may be late appearing and highlights how the final stage of development may deviate from typical development.
In the present study, we examined the neural correlates of the AS task in adolescents and adults diagnosed with ASD relative to age and IQ-matched typically developing adolescent and adult participants using functional magnetic resonance imaging (fMRI). Similar to our previous behavioral results [Luna et al., 2007] , we predicted that the ASD group would show age-related improvements in anti-saccade performance from adolescence to adulthood similar to the typically developing group. However, we had no directional hypotheses for the interaction between age group and diagnosis group, given the lack of previous studies in this area.
Methods

Participants
Forty-two participants were recruited for the study, 14 typical adults (ages 18-31, M = 23.4 (+ /− 4.0); two females), and nine typical adolescents (ages 12-17, M = 13.9 (+ /− 1.4); two females) (CON groups) and eight adults with ASD (ages 19-33, M = 24.9 (+ /− 6.9), and eleven adolescents with ASD (ages 13-17, M = 15.1 (+ /− 1.2); two females) (ASD groups). The Autism Diagnostic Interview-Revised [Lord, Rutter, & Couteur, 1994] and the Autism Diagnostic Observation Schedule-General [Lord et al., 2000; Lord, Rutter, & Goode, 1989 ] were used to diagnose ASD. Diagnosis was confirmed by expert clinical opinion (NJM). Potential subjects were excluded if known to have an associated disorder such as tuberous sclerosis or fragile-X syndrome. All participants were required to have full scale and verbal IQ scores of 80 or above (Table 1) . Medication status of the ASD participants is reported in Supporting Information Table S1 . All participants were free of medications known to affect eye movements and had no history of seizure disorder.
There were no significant differences between groups in IQ (WASI) (Adult CON: 109.5 + /− 13.9, Adult ASD: 98.9 + /− 13.9, Adolescent CON: 109.7 + /− 10.1, Adolescent ASD: 106.2 + /− 12.1, Ps > .05). All but one participant were right handed. CON individuals had no personal or first-degree relative history of neurological disease or neuropsychiatric illness as determined by interview. Vision was normal (as stated by the participant or guardian for minor participants) or corrected to normal using MRI compatible glasses or contact lenses. Experimental procedures for this study complied with the Code of Ethics of the World Medical Association (1964 Declaration of Helsinki) and the Institutional Review Board at the University of Pittsburgh. Subjects were paid for their participation in the study. All participants and guardians provided informed consent prior to participation.
Paradigm
Participants performed an event-related task, which included AS and visually guided saccade (VGS) trials.
Immediately prior to scanning, participants were trained on the AS and VGS tasks in a training room outside the scanner. During the AS trials, a red central fixation cross appeared on the screen for 2.5 sec signaling participants to prepare for presentation of the target stimulus. When the red cross disappeared, a peripheral target appeared at an unpredictable location on the horizontal meridian at 3, 6, or 9 degrees of visual angle to the left and right of the center fixation cross for 2.5 sec. Participants were instructed not to look at the stimulus, but instead make an eye movement to the mirror location. Peripheral target location was randomized within each run. During the VGS trials, participants were presented with a green fixation cross and instructed to look toward the peripheral stimulus when it appeared. These VGS trials were randomly interspersed between the AS trials ( Fig. 1) .
To uniquely estimate the hemodynamic response for the preparatory and response phases of the AS trials, our experimental design included additional AS partial "catch" trials, randomly inserted along with jittered intertrial intervals [Ollinger, Corbetta, & Shuldman, 2001; Ollinger, Shulman, & Corbetta, 2001 ]. This approach ensured that there were a sufficient number of independent linear equations to separately estimate the Blood-Oxygen-Level Dependent (BOLD) response associated with the preparatory and saccade response phases of each AS trial. The catch trials consisted of the presentation of a red central fixation cross, with no following target. The intertrial fixation period was uniformly distributed and jittered between intervals of 2.5, 5, or 7.5 sec and consisted of a white cross on a black background that subjects were instructed to fixate on in between trials. This allowed us to isolate activation specific to the fixation period when the inhibitory processes begin prior to making a correct inhibitory response [Everling, Dorris, & Munoz, 1998; Everling, Spantekow, Krappmann, & Flohr, 1998 ]. The three trial types (prep only, whole AS, whole VGS) were presented in a random order, separated by the intertrial intervals. Participants performed two functional runs of the task (duration = 6 min 50 sec each) for a total of 34 AS trials, 16 VGS trials, and 18 catch AS trials.
Eyetracking
Eye movement measurements during the scan using a long-range optics eye-tracking system (Model R-LRO6, Applied Science Laboratories, Bedford, MA). Nine-point calibrations were performed at the beginning of the session. Stimuli were presented using E-Prime (Psychology Software Tools, Inc., Pittsburgh, PA) projected onto a flat screen positioned behind the magnet. Participants viewed the screen using a mirror mounted on the head coil. Eye-movement data were analyzed and scored offline using ILAB [Gitelman, 2002] in conjunction with an in-house scoring program. The behavioral variables of interest were error rates for AS and VGS trials (the number of accurate eye movements/ total number of scorable trials). A correct response in the VGS task was one in which the first eye movement during the saccade response epoch was made toward the peripheral cue. A correct response in the AS task was one in which the first eye movement during the saccade response epoch was made toward the mirror location of the peripheral cue and extended beyond a 2.5 degrees/visual angle central fixation zone. Inhibitory errors occurred when the first saccade during the saccade response epoch was directed toward the suddenly appearing peripheral stimulus that they were to ignore and exceeded the 2.5 degrees/visual angle central fixation zone.
Image Acquisition
Imaging data were acquired using a 3.0 Tesla whole-body MR scanner (SIGNA; General Electric Medical Systems, Milwaukee, WI) with echo-planar imaging capability and a commercial head radiofrequency coil. The following gradient echo echo-planar acquisition parameters were used: echo time = 25 ms; repetition time = 2,500 ms; single shot; full k space; 64 × 64 acquisition matrix with field of view = 20 × 20 cm 3, voxel dimension = 3.125 × 3.125 × 6 mm. Twenty-three 5-mm axial slices were prescribed with a 1-mm gap in order to image the whole brain. The first four volumes in each run were discarded to allow stabilization of longitudinal magnetization. A three-dimensional spoiled gradient recalled (SPGR) pulse sequence with 124 slices (6 mm each) was used to acquire structural images in the axial plane. These anatomical images were used to register to functional images and to localize regions of activation.
Image Preprocessing
Imaging data were preprocessed using FSL (Functional MRI of the Brain (FMRIB) Software Library; [Smith et al., 2004] . Our preprocessing procedures included the following: SPGR images were warped into Talairach space [Talairach & Tournoux, 1988 ] using a 12-parameter affine transformation in FSL [Jenkinson & Smith, 2001] . Functional images were first slice-time corrected, adjusting for interleaved slice acquisition. Images were then rigid-body motion corrected by aligning all volumes with the volume acquired in the middle of the fMRI session. Rotational and translational head movement estimates were calculated. Following brain extraction, functional images were affine registered and warped to structural SPGR images in Talairach space [Talairach & Tournoux, 1988] . Images were resampled to voxel sizes of 3 × 3 × 3 mm. No subjects were excluded due to motion: instead the temporal derivative of the relative displacement from the middle volume for each run was calculated for each volume in the x, y, and z directions. Magnitude of the velocity was then calculated by taking the square root of the sum of squares of the x, y, and z components for each volume. Volumes with a velocity of over 1.2 mm/TR were removed from subsequent analyses. Participant groups did not differ in number of volumes removed due to Figure 1 . Anti-saccade (AS) task schematic. A red fixation cross appeared for 2.5 sec. A peripheral light appeared for 2.5 sec during which participants were instructed to generate a saccade to its mirror location.
excessive motion (P > 0.05). Total number of volumes removed for each group were the following: Adult ASD: 2, Adult CON: 1, Teen ASD: 15, Teen CON: 8. Images were then spatially smoothed with a 5 mm full-width at half maximum Gaussian smoothing kernel, and high-pass filtered (sigma = 30 sec) to remove low frequency drift. Finally, data from each run were scaled to a mean of one hundred.
Image Analyses
Analysis and Visualization of Functional Neuroimages (AFNI, Bethesda, MD, USA) software [Cox, 1996] was used for individual subject deconvolution, followed by group analyses (see Supporting Information Fig. S1 ). Deconvolution methods followed steps delineated by Ward [2002] . Our model consisted of three orthogonal regressors of interest; the preparatory period of the AS (catch and correct trials only), the correct AS saccade response, and the correct VGS trials, as well as regressors for incorrect AS and VGS trials. Linear and nonlinear trends and six motion parameters were also included as nuisance regressors. A unique estimated impulse response function for each regressor of interest was determined by a weighted linear sum of sine basis functions, multiplied by data determined least squares estimated beta weights. The estimated impulse response function reflects the estimated BOLD response to a type of trial after controlling for variations in the BOLD signal due to other regressors. We specified the duration of the estimated response (AS prep and response: 20 sec; VGS: 24 sec post stimulus onset), a sufficient time window for the hemodynamic response to peak and return to baseline [Boynton, Engel, Glover, & Heeger, 1996; Buckner, 1998; Dale & Buckner, 1997] . This procedure produced one-time course estimate per voxel per condition of interest. No assumptions about the specific shape of the BOLD response were made beyond using zero as the start point. The finite impulse response method and deconvolution allowed for comparison of the shapes of the estimated time courses at several different time points in order to choose the peak time point. This approach allowed us to characterize potential differences (if any) in the shape of the response related to development or ASD that an assumed response shape via the classical hemodynamic response modeling might miss. Goodness-of-fit statistics were calculated including partial F-statistics for each regressor and t-scores comparing each of the 5 estimated beta weights (from each basis function) with zero.
For group analyses, impulse response function values associated with AS prep and response epochs from each subject were entered into voxel-wise linear mixed effects models (one for prep and one for saccade), with "subjects" as a random factor and time course values (prep and saccade: 6 time points) as a within-group factor, and "age-group" (adolescents, adults) and "diagnosis group" (patients, controls) as between-group fixed factors. The resulting statistical map produced "main effect of time" maps that were used as base images from which functional regions of interest (ROIs) were defined (Figures 3  and 5) . The "main effect of time" map reveals all the regions that demonstrate a significant modulation of signal from baseline across groups and conditions within each epoch, making this approach unbiased with respect to the effects of interest across groups. Prior research suggests that this method is reliable in delineating the basic circuitry recruited for the AS task Velanova et al., 2008 , Geier et al., 2010 . We also ran a second linear mixed effects model including estimated time points associated with correct VGS trials only in order to delineate the circuitry involved in eye movement control.
The main effect of time map was corrected for multiple comparisons using a combination of cluster size and individual voxel probabilities, with the parameters determined by a Monte Carlo simulation using AFNI's AlphaSim program. This analysis specified that 23 contiguous voxels (27 mm 3 voxels) along with a single-voxel threshold of P < 0.001 was required to achieve a corrected, cluster-level alpha value of 0.05, and these regions were designated as clusters. Next, peak voxels within these significant clusters that were more than 12 mm apart in the corrected main effect of time map were identified using an automatic search algorithm. Twelvemillimeter diameter spheres were then centered on these peak voxels, resulting in a "sphere map." Finally, a conjunction of the "sphere map" and the corrected main effect of time map yielded a functional ROI map, with each ROI consisting of at least 23 contiguous voxels. The resulting ROI map was used as a mask for subsequently extracting time course values for each participant.
We focused our analyses on functionally defined clusters that fell within the boundaries of a priori anatomical regions of interest that are known to be involved in oculomotor control. These included the SEF adjacent to the paracentral lobule, the FEF on the superior aspect of the precentral sulcus, the PEF on the inferior parietal sulcus, the putamen, the ACC, and the DLPFC [Curtis & Connolly, 2008; Luna et al., 1998] (Table 2) .
Mean estimated time courses from each participant were extracted from each ROI of interest. The values from these mean estimated time courses at each time point for each subject response were entered into a repeated measures analysis of variance (ANOVA) using age group and diagnosis group as between-subjects factors and time as a within-subject factor. Below, we report regions that demonstrated significantly different modulations across time by age group, diagnosis group, and/or an age group by diagnosis group interaction. We also ran regression analyses with peak time course values for each subject response using age as a continuous variable, and diagnosis group as a categorical variable and report any significant effects as a linear function of age below. In Figures 4 and 6 , we show graphs of average peak time course values for each group.
Results
Behavior
We ran an ANOVA with two factors (age group and diagnosis) on performance (percent correct values). There was a significant main effect of age group, and an age group by diagnosis interaction. The CON group performed significantly better than the ASD group (t40 = −2.325, P = 0.025). Collapsed across diagnosis groups, there was no effect of age group (t40 = 1.999, P = 0.052). Planned comparison two tailed t-tests revealed that AS performance improved significantly between CON adolescents and CON adults (t21 = 2.384, P = .027) but not between ASD adolescents and ASD adults (t17 = −.122, P = .904). Adolescents in the ASD group performed similarly to the CON adolescent group (t18 = −.192, P = .85). In contrast, adults with ASD performed significantly worse than adults in the typical group (t20 = −3.356, P = .003), consistent with prior findings [Agam et al., 2010; Luna et al., 2007; Mosconi et al., 2009; Thakkar et al., 2008] (Fig. 2) . When considering age as a continuous variable, there was no significant effect of age or diagnosis group, or age by diagnosis group interactions. No differences were found between any of the groups in VGS error rates.
Imaging Results
VGS.
All groups similarly recruited a widely distributed set or regions during the VGS trials including the cortical eye fields (FEF, SEF, and PEF) and subcortical regions (caudate, putamen, thalamus). There were no diagnosis or age group effects.
AS response preparation.
During the preparatory period of correct whole trials and all catch trials, all four participant groups similarly recruited a distributed set of brain regions known to support AS response preparation, including the FEF, SEF, DLPFC and IPL (Fig. 3) . Across diagnosis groups, in the SEF, adults demonstrated greater activation than adolescents (F 6,240 = 2.219, P = .042) (Fig. 4) . In the left FEF, a significant age group by diagnosis group interaction (F6,228 = 2.468, P = .024) revealed that the ASD adolescents demonstrated reduced activation relative to the ASD adults (F6,102 = 2.687, P = .018) and CON adolescent (F6,108 = 2.925, P = .011) groups (Fig. 4) . Secondary regression analyses confirmed the age effect in SEF (β = 0.015, t = 2.433, P = 0.020), showing linear increases in activation with age. In the left FEF, there were no significant effects when considering age as a continuous variable.
AS response.
All groups recruited a set of regions known to be involved in making a correct AS response including the FEF, SEF, IPL, DLPFC, and striatum (Fig. 5) . A significant age group effect was observed in SEF (F8,304 = 3.305, P = .001), with adults demonstrating increased activation relative to adolescents in both ASD and typical groups (Fig. 6I) . A significant age group effect was also observed in left FEF (F8,304 = 2.080, P = .038), again with CON and ASD adults demonstrating increased activation relative to CON and ASD adolescents (Fig. 6I) . In left precuneus, there was a significant main effect of diagnosis (F8,304 = 2.532, P = .011), revealing that individuals with ASD displayed increased activation relative to the typical groups (Fig. 6II ). In the left putamen, a diagnosis group by age group interaction (F8,304 = 2.452, P = .014 ) indicated that adolescents with ASD demonstrated increased activation relative to typical adolescents and adults with ASD (Fig. 6III) . In right IPL, there was a significant age group by diagnosis group interaction (F8,304 = 11.819, P = .0000), revealing an age-related increase in activation in the CON group but not in the ASD group (Fig. 6III ). There were no significant effects when considering age as a continuous variable in SEF, FEF, IPL, precuneus, or putamen.
Secondary analyses.
We ran secondary analyses using equal groups (eight participants in each group) that were matched for age and IQ to ensure that our findings for AS performance and in the right IPL were not due differences in group sizes. These results revealed a significant effect of group on performance (F3,28 = 3.504, P = 0.028). Post-hoc tests confirmed that adult ASD participants performed significantly worse than adult CON (t14 = −2.867, P = 0.012). Adolescent ASD participants performed similarly to Adolescent CON (t14 = 0.096, P = 0.925) and Adult ASD participants (t14 = .118, P = 0.908). Adolescent CON participants performed significantly worse than Adult CON participants (t14 = 2.689, P = 0.018). In right IPL, we also found a significant age-group by diagnosis interaction (F8,224 = 7.33, P = 0.01).
Discussion
We aimed to characterize age-related differences in inhibitory control in ASD during adolescence and adulthood. We used the AS task, which reliably shows a protracted maturation through adolescence and a behavioral deficit in ASD [Goldberg et al., 2002; Luna et al., 2001 Luna et al., , 2007 . Overall, our findings suggest that brain development continues between adolescence and adulthood in individuals both with and without ASD, as expected on the basis of behavior.
While the ASD adolescent group performed at equivalent levels to the CON adolescent group, there were no changes between adolescence and adulthood in ASD, which was unlike our previous behavioral findings [Luna et al., 2007] . The CON groups showed characteristic agerelated improvements in AS performance (e.g. [Geier, et al., 2010; Luna et al., 2001; Padmanabhan, 2011; Velanova et al., 2008] ). The lack of age-related improvement in behavior in the ASD group suggests that development is delayed or arrested. The current study employed an interleaved paradigm, mixing VGS trials with AS trials, adding a task-switching component to the task. Prior research has suggested that mixing VGS and AS trials results in worse AS performance relative to pure blocks of AS trials [Cherkasova, Manoach, Intriligator, & Barton, 2002; Manoach et al., 2002; Reuter, Herzog, & Kathmann, 2006] . This added complexity may have particularly affected age-related improvements in individuals with ASD and suggests particular limitations in higher order cognitive processes may be delayed or arrested.
Contrary to prior research showing brain activation differences during VGS trials in ASD relative to TD [Takarae, Minshew, Luna, & Sweeney, 2007] , we found no VGS differences across diagnostic groups. This difference from previous work may be due to the fact that this task had a basic sensorimotor task (VGS) in the context of a more cognitively demanding inhibition task, which engages the same sensorimotor regions, but may require more effort in processing. Our findings of similar VGS performance and activation patterns between ASD and TD mirror recent findings demonstrating that, in the context of AS trials, VGS performance and brain activation is similar in ASD [Agam et al., 2010] . Prior research has also suggested that cortical eye movement control regions such as the FEF are recruited to a higher degree for inhibitory processes (AS) relative to sensorimotor processes (VGS), and disruptions in FEF and presupplementary motor area (SMA) have been found to impair inhibitory control while keeping simple saccadic processes intact [Muggleton, Chen, Tzeng, Hung, & Juan, 2010] .
All participant groups recruited a largely similar network of relevant brain regions during both the preparation and response components of AS trials, including the FEF, SEF, IPL, ACC, and DLPFC, suggesting that the core circuitry required for making inhibitory responses is in place by adolescence and is functional in ASD. However, there were distinct age and diagnosis group differences in activation during both the preparatory and saccade response phases of the task that are discussed in detail below.
Three major patterns of differences were observed in brain activation during AS trials relative to baseline fixation. First, results revealed that the right IPL demonstrated an age group by diagnosis group interaction, mirroring the behavioral findings, providing evidence for distinct developmental trajectories between ASD and typically developing individuals. Second, the ASD groups demonstrated increased activation in precuneus relative to typical groups, suggesting increased reliance on attention-specific mechanisms to perform the task. Third, results showed that-in adulthood-both ASD and typical groups demonstrated increased recruitment relative to their adolescent counterparts in FEF and SEF, suggesting parallel age related change between diagnosis groups.
Although the typical groups demonstrated an agerelated increase in lateral IPL activation, the ASD groups did not. This finding mirrored the behavioral findings of a lack of developmental improvement in AS performance in ASD relative to typically developing individuals. The lateral IPL has been previously associated with AS generation and in transforming sensory information to a motor plan [Barash & Zhang, 2006] . The ASD groups recruited this region to a lesser degree than the typical groups during correct anti-saccades, which may point to a general deficit in sensorimotor programming resulting in more errors overall. These results remained significant even with smaller group sizes, suggesting that they are unlikely to be due to unequal groups.
Furthermore, the groups with ASD demonstrated increased recruitment of left precuneus relative to the typical groups during the generation of a voluntary response. The precuneus has direct connections to regions of the IPL that are involved in visuo-spatial processing [Andersen, Asanuma, Essick, & Siegel, 1990; Leichnetz, 2001; Selemon & Goldman-Rakic, 1988] , as well as the SMA and dorsal premotor areas [Cavada & Goldman-Rakic, 1989; Petrides & Pandya, 1984] including oculomotor regions such as the FEF [Cavanna & Trimble, 2006; Leichnetz, 2001; Leichnetz & Goldberg, 1988; Leichnetz & Gonzalo-Ruiz, 1996; Tian & Lynch, 1996a , 1996b . Evidence suggests that the precuneus is engaged when attending to visuospatial tasks [Berman et al., 1999] and the response phase of the AS task [Brown, Goltz, Vilis, Ford, & Everling, 2006; Brown, Vilis, & Everling, 2007] . In the current study, increased reliance on the precuneus suggests the ASD group may rely on attention-related circuitry to generate a voluntary response as a compensatory mechanism for possible limitations in utilizing the cortical eye fields, specifically the IPL. The precuneus is also part of the putative "defaultmode" network (a network of regions that are suppressed during goal-directed processes) [Raichle & Snyder, 2007] . Thus, it is also possible that a failure to attenuate default mode activation hampers inhibitory control performance.
Both ASD and typical groups showed age-related increased activation in SEF during response preparation, and SEF and FEF during the generation of the AS. Singlecell recordings demonstrate that neurons in the SEF and FEF are active prior to making correct AS responses, suggesting that these regions support planned responses and that response preparation is an essential component in the AS task [Schlag & Schlag-Rey, 1987] . Furthermore, the SEF and FEF have connections to oculomotor regions in the superior colliculus, with direct routes for planning eye movements [De Weijer et al., 2010; Everling & Munoz, 2000; Huerta & Kaas, 1990; Shook, Schlag-Rey, & Schlag, 1990] . Neurons in the FEF are also engaged during response preparation, supporting the ability to inhibit saccade motor neurons in the superior colliculus, thus stopping the prepotent motor response to the target [Munoz & Everling, 2004; Schall, Stuphorn, & Brown, 2002] .
Our previous developmental studies have shown increased recruitment of SEF and FEF with age across blocks of AS trials, paralleled with developmental differences in performance [Luna et al., 2001] . Although prior event-related fMRI studies have demonstrated that adolescents do not differ from adults in recruitment of cortical eye fields during correct trials [Velanova et al., 2008] , the added demand of task-switching in the current task may have tapped into a process that is not yet mature in typical adolescent populations. Furthermore, the parallels in age-related increases in the recruitment of FEF and SEF during correct AS responses from adolescence to adulthood in both typical and ASD groups suggest that some brain maturational processes underlying AS performance may be preserved in ASD.
In the FEF, adolescents with ASD demonstrated decreased preparatory activation relative to the other three participant groups. This suggests a maturational delay in recruiting key inhibitory regions required to perform successful anti-saccades, as ASD adults showed the same magnitude of activation as CON adults. However, given that this activation difference in the FEF was found during correct AS trials and adolescents with ASD demonstrated the same level of performance as typical adolescents, compensatory mechanisms may have been recruited to perform at equivalent levels. Adolescents with ASD demonstrated increased engagement of putamen during correct AS trials relative to adults with ASD and typical adolescents. The putamen has direct projections to the FEF and is integral to oculomotor processing [O'Driscoll et al., 1995; Petit et al., 1993] . Increased activation in the putamen in the adolescent ASD group may reflect a compensatory process in order to overcome possible delayed development in cortical (i.e., FEF) control in order to generate a successful AS response. There is little fMRI evidence showing activation differences in putamen in ASD, with one study linking reduced activation in putamen with repetitive behavior symptoms and verbal fluency in ASD [Kenworthy et al., 2013] . However, converging lines of research from PET and structural MRI have suggested that the putamen may be a locus of dysfunction in ASD. Adults with ASD have also demonstrated decreased glucose metabolism in putamen [Haznedar et al., 2006] and decreased white matter connectivity strength between putamen and prefrontal cortex in ASD relative to typical individuals [Langen et al., 2011] . Individual differences in putamen shape have previously been correlated with deficits in motor skills in ASD [Qiu, Adler, Crocetti, Miller, & Mostofsky, 2010] and differences in putamen volume with repetitive and stereotyped behavior [Estes et al., 2011 , Hollander et al., 2005 . There is however, a lack of developmental studies in this area, with one study showing differences in rates of change over age in putamen volume in individuals with ASD relative to typically developing individuals between childhood and early adulthood [Langen et al., 2009] .
Conclusions
The present study was a cross-sectional study. Our results as such provide indirect evidence of developmental changes, which in the future may benefit from a longitudinal approach with a larger cohort especially given known variation in this spectrum. Furthermore, the number of trials per condition limited our ability to look at AS error versus correct trials. Given prior results suggesting limitations in AS circuitry in ASD, such as the dorsal ACC [Agam et al., 2010] that are involved in error processing over adolescence, an interesting future direction would be to explore this further in ASD. While the sample size is also a limitation, given the scarcity of developmental studies of inhibitory control in ASD that currently exist in the literature, the results from the present study can inform future work in this area.
We demonstrate that inhibitory control is affected in ASD and that age related change in both brain function and behavior from adolescence to adulthood may be distinct relative to typically developing individuals. These results suggest that there are underlying limitations in ASD in the ability to recruit the optimal circuitry to support inhibitory control. Furthermore, individuals with ASD may not show the optimal transitions in brain function through adolescence evident in typical maturation. Lastly, much of the circuitry supporting cognitive control was intact in ASD changes. Taken together, the results suggest that the well-delineated circuitry underlying the AS task is recruited in ASD, but specific refinements in the underlying circuitry evident in typically developing individuals may be compromised in ASD. Furthermore, age related change in AS performance and underlying brain function in key areas such as the FEF and IPL may be affected in ASD.
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